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FOREWORD

The work described in this report was carried out under contract
NASw 765 for the NASA Headquarters, Washington 25, D.C. The
program was directed toward the development of high dielectric

thin films prepared by electrolytic techniques.
Acknowledgment is made to R. D. Wales, J. B. Story, S. A.

Ring, and B. A. Traina for their contribution to the process

development and literature survey portions of this study.
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ABSTRACT

96/5%

The preparation of high dielectric thin films is described and
the results are compared and interpreted Wlth the results
reported by others working this area. It has been shown that
a secondary oxide can be deposited in a simultaneously formed
oxide film by electrolytic conversion methods. However, it
is doubtful that doping the film with small amounts of second-
ary oxides by use of normal anodization techniques produces
any major improvement in electrical characteristics. This

is quite probably due to the amorphous nature of the normal

anodic films. Deposition of dispersed high dielectric material

(™

on the anode has been accomplished.
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Section 1
INTRODUCTION

The problem prompting this program concerns the need for microminiature capacitive
elements in thin film form for use in integrated circuitry. Presently developed thin
film capacitive elements are largely amorphous structures of relatively low dielectric
constant and require large areas to obtain significant capacitance levels. The objec-
tive of this program is to develop procedures for the deposition of high dielectric
materials on suitable ceramic-metal substrates in thin film form to provide structures
as capacitive elements. Capacity values on the order of 2 to 5 uf/ cm2 is a goal of this

research.

The scope of the program includes a study of the parameters concerned in electrolytic
film formation and an evaluation of the films produced. The basic approach proposed
for the preparation of these high-capacity eiemenis entails the formation of a porous
oxide film coupled with the deposition of a second phase so as to produce a double-
oxide compusiitivii. Thac perous oxide film is to be prepared electrolytically by anodiza-~
tion of a suitable metal substrate. The second phase is to be physically occluded in
the porous film by the entrapment of ionic or finely particulate species during the
anodization. Electrophoretic processes may be employed as an aid in achieving
deposition of the second phase. An alternate approach would involve anodization of a
suitable metal-alloy substrate to produce directly a composite oxide structure. The
choice of metal substrate and addition agents — and therefore of the final composite
oxide — will be governed by the presently available information on high dielectric
compounds prepared by conventional ceramic techniques. Assuming dielectric con-
stants on the order of 500 to 2, 000, capacity values of 2 to 5 p,f/cm2 may be attainable

for the thin films.

The development of an all-film circuit would offer increased component density,
greater reliability, further design versatility, and simplified production techniques,
and would eliminate the necessity of wired semiconductor and high dielectric elements

separate from the integrated circuit.
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Section 2
LITERATURE SURVEY

The recent literature related to this project was approached through a search of

Chemical Abstracts from January 1957 through June 1962. The search covered the

oxygen-containing compounds of barium, calcium, cadmium, cobalt, copper, iron,
magnesium, nickel, strontium, and zinc which also contain titanium, zirconium,
niobium, or tantalum. The list of references so obtained was extensive. Since a com-
plete treatment of the list is not needed and could not be justified, a representative
cross section of research in this period was made by using the years 1957, 1960, and
January to June 1962. The references for these years were considered in further
detail, and the most promising (approximately 100) selected. In this survey it became
apparent that one author, Smolenskii, was outstanding. A complete survey was made
on his work, and that of his principal coworker, Isupov. The references are listed in

Section 5.

The prinecinal distinctive peculiarity of ferroelectrics is the presence of a phase tran-
sition of the first or second order from a disordered state into a well-ordered,

polarized state (Ref. 1).

As a result of this spontaneous polarization, the ferroelectrics possess more pronounced
anomalies in the electrical and other properties than do most ionic crystals. At tem-
peratures below the phase transition, the ferroelectrics show spontaneous deformations

and a reduction of lattice symmetry (Ref. 1).

The appearance of spontaneous polarization can be explained within the framework of
the classical electrostatic interaction, since the internal field is determined by the

reciprocal action of the dipoles which, in turn, are conditioned by a displacement of
ions. An essential role is played not only by the long-range (dipole) forces, but also

by short-range forces. Spontaneous polarization arises only when the elastic
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component of the restoration force occurring during a displacement of ions is less

than the dipole forces (Ref. 1).

Ferroelectrics and antiferroelectrics may be divided into two groups, depending upon
whether or not they contain hydrogen. The first group, containing hydrogen, includes
potassium sodium tartrate (Seignette salt or Rochelle salt), phosphates and arsenates
of potassium, and others. The second group, not containing hydrogen, includes
barium titanate, lead titanate, potassium niobate, and others. This second group is
characterized by the fact that each cation is within an oxygen octahedron, and all or
part of the cations have the electronic structure of a noble gas atom after giving up

s and d electrons. The charge should be large and the ionic radius small Ref. 2).

In a typical ferroelectric substance of the oxyoctahedral type, such as BaTiO there

is a marked change in the dielectric constant with temperature, with an excee?iingly
high dielectric constant being observed within a narrow range. Each substrate usually
(but not always) has a single maximum lying between -200° and +400°C. The temper-
atures of these maxima and the breadth of the peak are commonly changed by the '

addition of a second substance. When a peak is broadened, it is usually lowered.

A number of compositions having high dielectric constants at room temperature nave

been selected from the liferature and are presented in Table 2-1.

A reference closely related to the present project is that of Maxwell (Ref. 3). He
formed a capacitor from titania containing 1 percent by weight antimony oxide. This

small amount of antimony makes the TiO, conducting. This conductivity has been

attributed to substitution of Sb5+ ions fox:‘Z some Ti4+ ions, resulting in Ti3+ ions
and electrons free to move in the lattice as in n~type semiconductors. When electrodes
are fired onto a conductive TiO2 body, thin insulating layers on the surfaces of the
body and a complete capacitor are produced simultaneously. The capacitor is of the
layerized type. The equivalent circuit consists of two condensers in series with,

and separated by, a resistance. Each of the condensers is also in parallel with a high
resistance. This means that the effective capacitance occurs in thin layers at the two

surfaces of the titania. This close spacing allows an increase in the effective dielectric
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constant from about 100 to 10,000 (for specimens 0. 04-in. thick). It was found that

these capacitors had a flat temperature characteristic.

A second reference of interest to the present project is that of Herczog (Ref. 11). He
formed capacitors of BaTiO3 in the feldspar, BaAlZSiZO8 , by heat treatment of
glasses with compositions corresponding to XBaTiO3 + (100-X) BaAIZSiZOS. The
BaTiO3 content and particle size of the microcrystalline product could be easily con-
trolled by the conditions of heat treatment and the glass composition. The electrical
properties of the microcrystalline product were described in terms of the BaTiO3
content and primarily the particle size. Herczog found that surface effects predominate
in materials with particle sizes less than 0.2 u, the dielectric constant is independent
of temperature, and ferroelectric behavior is degenerate. In material with BaLTiO3
particle sizes between 0.2 and 1 pu, the electrical properties are the result of contribu-
tions from both surface and normal bulk properties.- The two contributions are equal
at about 1u where the dielectric constant is the highest for all particle sizes. Other '
unusual electrical properties are due to the mechanical clamping of the BaT103 in

the pore-free matrix.
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Section 3
EXPERIMENTAL RESULTS AND DISCUSSION

3.1 APPROACH

The general experimental approach to the preparation and evaluation of potential high
dielectric thin films has been outlined in a previous document (Ref. 12). Composite
oxide films from the system of titanates, niobates, zirconates, and tantalates were

chosen for investigation (Ref. 13). Special emphasis was placed on the titanates.

The selection of an anodizing bath for Ti and an examination of the film formation
parameters were chosen for immediate attention. The effect of second component
additives to the bath with respect to film formation and compatibility with the electro-
lyte could be examined at an early stage. Because of the relatively well-known high
dielectric qualities of the family of alkaline earth titanate ceramics, the deveiopment
of methods for the incorporation of alkaline earth oxides into the anodized film was

given a high priovity.

It was expected that composite films would require a heat treatment to achieve maxi-
mum properties. The results of Herczog (Ref. 11), in which Ba’l‘iO3 content and
particle size in a feldspar matrix were found to be controlling factors, indicate that

a treatment to promote grain size growth would be necessary. The films can be
treated in various manners dependent on the limits of time, temperature, and environ-

ment that the particular anodized structures can withstand.

Initial evaluation of apparently mechanically sound films was in terms of capacity and
electrical loss values as measured by the use of counter electrodes on the film surface.
Different types of counter electrodes (liquid, solid) and their methods of application
(painting, vacuum deposition, etc.) give different levels of response on a given sur-
face. The responses of a selected list of counter electrodes on the types of film

surfaces produced were evaluated.
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The results of Sibert (Ref. 14) on the anodization of Ti surfaces indicated that acid-
phosphate-based baths, and in particular agueous solutions of ethyl acid phosphate,
possess superior anodic film~forming characteristics. Maxwell (Ref. 3) has found
that an effective high dielectric ceramic can be produced by small additions of szO3
to fired Ti02. The anodization of Ti in an ethyl acid phosphate bath with and without
Sb203 appeared to be a logical point for initiation of the study.

A description of the experiments performed and the results have been organized under
three general classifications based onageneral type of approach. These are (1) electro-
phoretic deposition of particulate material, (2) anodic formation of high dielectric
materials from a soluble component of the bath, and (3) the addition of small quantities
of metallic or submetallic oxides either by occlusion of anionic material from the

bath or by the use of alloys.

3.2 CELL DESIGN

A simple cell design was chosen. The anodizing bath was contained in a 250-ml Griffin
beaker filled to near the top. A cylinder of Ti metal foil 3-in. high and 2-1/2 in. in
diameter served as the cathode. The Ti metal to be anodized was cut from sheet
(Titanium Co. of America, No. 55A or 75A) into strips 3-in. long and from 5/16- to
1/2-in. wide. A stop-off jig and anode support was provided by sandwiching 1-3/4 in.
of the strip length between two sheets of silicone rubber backed by stiff plastic and
held tight with a c-clamp. The jig was immersed approximately 1/4 in. into the sur-
face of the bath with the longer section of exposed Ti strip extending 1 in. down the
axis of the cell. The short length of the strip extending above the jig served as the
anodic connection to the power supply. The bath was stirred with a magnetic stirring
bar. Power was supplied to the cell by DC voltage supplies which could be both current
and voltage regulated.

LOCKHEED MISSILES & SPACE COMPANY
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3.3 COUNTER ELECTRODES AND CAPACITY MEASUREMENT

The type and preparation of the counter electrodes used in measuring the capacity

and losses of these films influence the readings observed. These differences in meas-
urement arise primarily from differences in the wetting of the surface and the ability
of the counter electrode to penetrate pores and microcracks in the coating. As part of
the initial study, a comparison of various electrode systems was made (Ref. 15). An
alternate silver paint procedure has been used most recently in addition to the silver

paint tested earlier.

The counter electrodes include vapor deposited chromium; liquid mercury; a silver
paint from Wornow Process Co., ink no. 140-15-u; a silver paint, DuPont No. 6730
on top of Aquadag No. 194; and finally an aqueous LiCl solution.

Some typical comparisons of observed capacities are shown in Table 3-1.

Table 3-1

COMPARISON OF CAPACITIES MEASURED WITH
VARIOUS COUNTER ELECTRODES

1
— s [Eoneie | Tio Oy | 1o
Ti55A Aqueous LiCl Ethyl H,PO, | 220 No 33 | 0.12
Ti55A Chromium Ethyl H,PO, | 215 No 17 .043
Ti55A Mercury Ethyl H,PO, | 215 No 2.4 .025
Ti55A Ag Paint (Wornow) | Ethyl H,PO, | 220 | Yes 800°C 4.9 035
Ti55A Ag Paint (DuPont) Acid (Ence)(@)] 150 No 8.4 . 046
Ti55A Mercury Acid (Ence)®) 150 .| No 3.8 .25

(a) Ence's acid bath consists of 5cc 85% HgPOy4, 5 grams oxalic acid, 5 grams
citric acid, 10 ce of lactic acid, 60 cc of ethyl alcohol, and 35 cc HyO (Ref. 16).
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The high capacity using the chromium and aqueous LiCl are attributed to better con-
tact in the pores and microcracks over the apparent electrode area. On the other hand,
the high surface tension of mercury undoubtedly prevents it from entering these pores
and cracks, and the capacities observed are somewhat low. The silver paint systems
appear to give intermediate values indicating that better wetting is obtained than with
the mercury. At the same time, no great penetration of the pores or cracks takes

place to produce a very small effective thickness and larger than measured area.

A majority of the capacity measurements presented in this report have been made using

either the mercury or silver paint counter electrode.
3.4 ELECTROPHORETIC TECHNIQUES
3.4.1 Deposition of Sb203 on Ti From an Ethyl Acid Phosphate Bath

Two grams of reagent grade Sb203 was added to a 250 ml ethyl HZPO 4 bath and dis-~
persed by stirring. After several hours a suspension of fine particles was obtained.
Titanium strips were anodized in this bath shortly after the addition and again when

the suspension had been obtained. The resultant films appeared identical to those pre-
pared in plain ethyl HZPO 4 baths. The capacity and losses measured on films formed
in this bath are compared in Table 3-2 with samples formed in baths containing no
szOé . There is no evidence of any improvement of the dielectric strengths of the
film. It should be noted that alternate firing techniques might improve the dielectric

strengths if there is an appreciable Sb203 content in the film.
3.4.2 Electrophoretic Deposition of CaO on Ti

Reagent grade CaO slurried in isopropanol gave an electrophoretic deposition Ti
strips, pre-etched in HNO3—HF, when the strips were made 260 to 400 volts negative.
The same cell geometry as used for the anodizations was employed. No attempt was
made at this time to classify the particle size. The deposits were thick and non-
uniform, and coverage was not complete. The deposits adhered to the strips on

heating to 800° C followed by rapid cooling.
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Table 3-2

CAPACITY AND LOSS VALUES MEASURED WITH SILVER PAINT ELECTRODES
ON Ti STRIPS ANODIZED IN AN ETHYL H2P04 BATH AND FIRED AT 800°C

. SboOg Ag Paint . Current . :
S;II(;lp . Slurry Baking Time Mva(:;clltr:u;n Density C;‘p/amtg) L%SS

: Concentration (hr) g (ma/cm?2) | BF/cm D)
TA None 1 220 29 4.9 0.035
7C Thin 1 220 29 4.2 .028
7F Thin 1/2 220 29 4.9 . 043
7H Heavy 1/2 220 29 4.1 .043
73 Heavy 1/2 220 29 3.9 . 044
T7TA + None 17 220 29 5.8 . 045
7C Thin B Ve 220 29 4.9 . 048
TF Thin 250 220 29 7.2 .029
7H neavy ZoV 220 2y 6.8 . 040
7J Heavy 250 220 29 6.7 .032
11D Heavy 15 200 14 5.5 .050
11C Heavy 15 250 17 4.3 .055
11A Heavy 15 280 17 4.8 . 050
11B Heavy 15 330 19 5.0 .050

The CaO deposit dissolved rapidly in the strongly acid ethyl HZPO 4 bath even after

heat treating. Anodized films on the previously Ca0-coated strins exhihited darker
and lighter areas. The latter were caused by particles (presumably CaO) imbedded in
the film.

The capacity measurements of these anodized coatings were in the same range as those
listed in Table 3-2.

3.4.3 Elactrophoretic Deposition of BaTiO3 on Ti
Electrophoretic deposits of BaT103 on Ti have been made using pyridine and
pyridine-HZO systems in which BaTiO3 was suspended. In addition, some experi-

ments were performed in which the Ba’l‘iO3 coatings were fired at various tempera-

tures and in various atmospheres.

10
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A suspension of BaTiO 3 particles in pyridine produced very thick {on the order of
mils) electrophoretic deposits on Ti strips held 250 volts negative. Excellent
coverage was obtained in 25 sec. The BaTiOg deposit did not appear to dissolve in
the ethyl H2PO 4 bath, but a good deal of it was dislodged on anodization. Films,
anodized over the BaTiO3 deposit, contained particles of imbedded BaTiO3. The
capacity of these films is shown in Table 3-3.

Table 3-3

CAPACITY AND LOSS VALUES MEASURED WITH SILVER PAINT ELECTRODES
. (BAKED 60 hr) ON Ti STRIPS, PARTLY COVERED WITH ELECTRO-
PHORETICALLY DEPOSITED BaTiO,,, ANODIZED AT 250 VOLTS IN

THE ETHYL I-IZPO4 BATH %‘XND FIRED AT 800°C
Stri Measured Over Current Capacit Loss
No P BaTiOg Precoat Density (an/cmg) (D)
: Area (ma/cm?)
26Aa No 18 6.7 0.033
26Ab No 18 6.0 .035
26Ac Yes 18 7.3 .030
26Ad Yes 18 6.8 .031
28Ra No 3 5.7 -033
26Bb Yes 3 5.7 .033
26Bc Yes 3 6.0 .032

In another experiment the starting bath was a suspension of BaTiO3 particles in
pyridine. The cell was similar to that used in other anodizations except that the
cathode was reduced to fit in a 100-ml beaker. The anodization voltage was 400 volts
in all cases. The current densities were low and achieved only 3 ma/ cm2 after a
large amount of H20 was added to the bath. No evidence for the incorporation of
particles into the films was found. The films ranged from a thin transparent type
formed ét low water content to a thick white deposit in the form of small dots at higher

water concentrations. The capacity and losses of these films are shown in Table 3-4.

11
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Table 34
Ti ANODIZED IN PYRIDINE — HZO - BaTiO3 BATHS AT 400 VOLTS
Strip Water Foming Cap acitg Loss
No. Added Time nF/cm D)
(min) (Hg Electrodes)

55A None 15 200 0.27
55B Slight 5 6 .17
55C Large 15 0.6 .10

Neither of these approaches provide the required capacity per unit area. However,
data concerning the thickness of these films were not obtained, so an estimate of the
dielectric constant is not available. If these films were of sufficient thickness, then

the capacities measured could indicate some improvement in dielectric constant.

One final series of experiments was made in which 1 gram of BaTiO3 powder was
ground briefly with a small amount of pyridine in a mortar. The slurry was added
to a 100-ml-size cell and diluted to 75 ml with pyridine. Deposition was carried out
with the axial Ti strip at 195 volts negative. Excellent coverage of BaTiO3 was
obtained in 30 to 60 sec.

Capacity and loss values following various heat treatments are presented in Table 3-5.
No sintering was observed for the BaTiO3 deposits heated to 1000° C in air or to
1080° C in vacuum. The deposits still adhered to the Ti substrate, but could be wiped
off with a towel. After firing at 1250°C in vacuum, the BaTiO3 had a sintered,
metallic-gray appearance. Deposits fired at both temperatures in a vacuum were
highly conducting whereas the air-fired deposits were resistive. The conductive

deposits could be made resistive by heating in air. (See Table 3-6.)

12
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Table 3-5
HEAT TREATMENT OF BaTiO, DEPOSITS
'Film Heat i?/a;;t Loss
Type Treatment (Hg Electrodes) (D)
Bare Ti 800°C, Air, 1 hr 28.0 - 0.14
Thick BaTiOg Dried RT 0.3 .15
Deposit on Ti 800°C, Air, 1 hr 1.0 .5
1000°C, Air, 1/2 hr 0.6 .3
1080° C, Vacuum, 1/3 hr 100 x 103 40
1250°C, Vacuum, 1/2 hr 60 x 10° 33
Film Grown 800°C, Air, 1 hr 40.0 0.3
Under BaTiOg 1000°C, Air, 1/2 hr'® 3.0 .2
Ti — BaTiO,, Deposit, 1000°C, Air, 1/2 hr 3.0 to 24 .2
Anodized in3
Ethyl H,PO,
Film Grown Under 1000°C, Air, 1/2 hr 26 x 103 30
Combined Deposit
and Anodization

(&) A thick white film.

Table 3-6

HEAT TREATMENT OF CONDUCTIVE COATING

After Heating to Red
Heat in Flame

After Firing 1/2 hr
at 800°C in Air

Original Heat

Treatment Capaci‘g Loss Capacit Loss
= nf/cm o) (F/om?) ©)
(Hg electrodes)
1180 100 0.07 26 X 10-3 0.15
1250 400 .6 2.4 .16

13
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3.4.4 Discussion

These preliminary experiments are somewhat ambiguous. The BaLTiO3 used in the
electrophoretic deposition has a typical dielectric constant and a capacity of about 10
times the capacitance which was observed and which would be expected for thick
BaTiO3 deposits [assuming them to be about 1 mil (25. 4 u) in thickness]. A recheck

of the BaTiO3 was made by painting a slurry of the dielectric in Kasil 88 on a strip

of polished titanium and aluminum. The dielectric constants of these paints on both
substrates were greater than 103. The anomalous results of the electrophoretic coatings
may be due either to the counter electrode used in the measurement, or the coatings
may be much thicker than has been assumed. If the electrophoretic coatings are 1-mm
thick, then the a RT-dried Ba.TiO3 coating would have a dielectric constant of aboﬁt |
300. The results, and the unresolved questions concerning them, suggest that addi-

tional data be obtained to determine the actual dielectric constant of such coatings.
3.5 ANODIC FORMATION OF TITANATES, ZIRCONATES, AND NIOBATES

3.5.1 Introduction

/A 3SConG appivach Lo tue lurigilon of 4 nigh dielectric film consists of anodizing the
substrate metal and depositing a second oxide material either during anodization or
by impregnating the porous anodic coating in a separate step. The experiments per-
formed have been directed toward preparing films containing barium titanate, lead
titanate, lead zirconate, and potassium niobate. The data presented are primarily
in terms of capacity measurements. Some qualitative analyses of the films are also
presented. The experimental results are grouped according to substrate used and

are in the order of titanium, zirconium, and niobium.
3.5.2 Films Formed on Ti in Barium-Containing Baths

The simple ethyl HZPO 4
described previously (Ref. 15). TFilms produced in these baths under high, limited

and the ethyl H 2PO 4—barium phosphate baths have been

current, anodizing conditions are listed in Table 3-7. In the simple bath, arcing was
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observed only in the gas phase (produced by a gas bubble collected under the jig). In
the barium-containing bath, arcing took place randomly over the strip surface
producing small areas of white debris. Forming times were made short to preserve
enough unsparked area to allow placement of the counter electrode. The films were
measured after drying at 110° C and then after firing at 800° C in air. The white arc
product areas had much lower capacities than the unsparked gray film areas listed in
the table.

Titanium strips were also anodized in solutions containg 3 grams Ba(OH) o 8H20 or
5 grams Ba(CzH302)2-nH20 . Capacity and loss values after drying at 110°C and
after firing at 800° C are listed in Table 3-8. Arcing took place at 195 volts in the
hydroxide bath. The acetate bath-formed films, after firing at 800°C, exhibited lower
capacities and higher losses than before firing. The values changed rapidly during

measurement, indicating atmospheric sensitivity.

Ti strips were also anodized in a bath of fused Ba(OH)2~ 8H20 contained in a nickel
crucible which also servedas the cathode. The barium hydroxide was maintained some-
what above its melting point of 78°C. No stop-off was used. A constant, limited cur-
rent was employed. At 60 ma/cm2 a voltage of 30 was reached. The film has a
capacitv of 0.6 nF,/c:m2 at ns =0 03 At 130 ma,’cmz a vullage ui 50 was reached

with arcing. The capacity of the resulting film was about 0. 08 nF/ cm2 on all areas.
3.5.3 Additions to Films by Dipping

Strips of Ti having freshly dried anodized films were dipped into a solution of barium
acetate and dried. The procedure was repeated until the weight gain of the strip indi-
cated that sufficient barium values has been added to very roughly approximate the
number of moles of Ti present in the film. The weight gain was not adequate until a

thick deposit was layed down on the surface of the film.

The films dried at 110° C do not appear sufficiently porous to allow the incorporation
of significant quantities of liquid by cipping. Increased amounts might be added by
dipping under vacuum, especially if the films were rendered more porous by firing or

high current preparation.
i5

LCZKHEED MISSILES & ZPACE COMPANY




4-55-64-1

Table 3-7

CAPACITY AND LOSS VALUES FOR Ti STRIPS ANODIZED AT HIGH CURRENTS
IN SIMPLE ETHYL H2PO 4 AND ETHYL HZPO -BARIUM PHOSPHATE BATHS

4
Stat Forming| Max. Current After Drying After Firing
No P Bath Time Voltage Density Capacitg Loss | Capaci Loss
: (min) | Attained | (ma/cm?) | (0F/cm?) | (Dg) | @F/cm2) | (Dg)
42M | Simple 2 —~ 190 13 0.55 | 130 | 0.27
42N | Simple 4(@) 380 190 7.2 .42 8.6 .67
45R | With Ba 1/2 130 210 70 .75 200) | 1.3
455 | With Ba 1/4 130 240 180 .53 80 0.7

(a) Bath boils after 4 min.
(b) Parallel equivalent circuit measurement.

Table 3-8

CAPACITY AND LOSS VALUES FOR Ti ANODIZED IN BARIUM HYDROXIDE
AND BARIUM ACETATE BATHS

Strip| Voltace Forming| Current Final After Drying After Firing
\flp v o Time Limit Current Bath nnpanifvl T nec Capacitw] Toss
fwe | Ll miny | (ma/em?)|ma/cm?) (nF/cmé) D) (nF/cmz) D)
21A |- 50 30 20 9 Hydroxide 300 0.5 240 0.4
21B | 100 30 160 30 |Hydroxide| 320@® | .4 28 .08
21c | 150 30 160 160 |Hydroxide| Variable 300 | 7
21D 195 185 160 4 |Hydroxide 0.2 | Low - -
32A 100 35 40 2 Acetate 2.0 10.25 - -
32B 280 45 160 _10 Acetate 38 .09 - -

(2) Parallel equivalent circuit measurement.
(b) Value listed is for arc debris areas. Nonsparked areas had low C and high D.
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3.5.4 Reaction of Anodized Ti Films With Barium Hydroxide

Opaque gray films were formed on Ti strips by anodizing in an ethyl H PO at

20 ma/ cm to 225 volts. After drying, parts of the strips were dipped for a few
seconds into fused Ba(OH)z- 8H20 (melting point about 78° C) to form a thick coating.
The coated strips were heated in air briefly to 550° C and then held for 30 min at

400°C. The resultant thick, flaky coating was washed off with water, the strips dried
at 110°C, and the capacity measured with a mercury counter electrode. The dipped
portions of the film exhibited a capacity of from 0.4 to 0.8 nF/ cm2 while the undipped
portions were higher at 4 to 10 nF/ cm2. The loss values were low — less than one
percent. Treating the reacted strips with the strongly acid ethyl HZPO 4 anodizing bath
(to remove traces of barium hydroxide) and then rinsing and drying raised the capacities

of both sections but also increased the loss:

Undipped — 15 nF/cm2 at D =0.25
Dipped —1.3 n}?‘/cm2 atD=0.1

Refiring at 850° C for 1 hr in air raised the values for the dipped film area to 3 nF/ cm2
at D =0.2 and simultaneously reduced the capacity of the undipped film area.

Thicker, more porous anodic films were formed on Ti strips by anodizing in the
ethyl H2P04 bath for 1-1/2 min at 140 ma/cm2 to approximately 300 volts. These
films were allowed to stand in the fused Ba(OH)z-SHZO for about 1 min. The strips
with their thick dip-coats were then fired in air for 3-1/2 hr at 400° C followed by

1/2 hr at 850°C. After removing the unreacted excess by dissolving in ethyl H2PO 4
and rinsing and drying, the portions of the films exposed to barium hydroxide contained
three distinct types of regions: relatively smooth black film with an average capacity
of 1.2 nZE‘/cm2 at D = 0. 25; cracked and peeling white product area with an average
capacity of 0.40 nF/c:m2 at D = 0.5; and a very thin, yellow film area (where the thick
films had fallen off) exhibiting a widely variable high capacity averaging about

6000 nF/cm2 at Dp = 2.5. The film areas not exposed to barium hydroxide gave an

average capacity of 1.0 nF at D = 0. 1.
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In an alternate procedure the anodized Ti strips were dipped into fused Ba.(OH)2
which has a melting point of about 408°C. In this case the reaction proceeded directly
to give a rough and porous white product which did not adhere to the Ti substrate.

Capacity measurements could not be made.

3.5.5 Films Formed on Ti in Baths Containing Complexed Barium

Opaque white to yellow coatings are formed on titanium when it is anodized under
breakdown potential conditions. Two types of baths have been used. The bath com-
positions are shown in Table 3-9 along with the semiqualitative spectrographic analysis
of the films. Under the conditions employed, the higher pH baths produced coatings
with more occluded barium than the acid pH baths.

Table 3-9
ANALYSIS OF FILMS FORMED IN Ba-EDTA BATHS
Bath Semiqualitative '
Bath pH Composition Analysis of Film (@)
5 2.5 grams KOH Major: Ti®
15 grame EDTA Minor: Ra(®)
11 grams Ba(CzH302)2
500 ml HZO
9 2.5 grams H3BO3 Major: Ba, Ti
10 grams KOH Minor: B
15 grams EDTA
11 grams Ba(CzH302)2
50 ml H20

(a) Stripped in bromine methanol from substrate.
(b) Major = 10—90 percent by weight.
(¢) Minor = 1—10 percent by weight.
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Interpretation of the capacity values is complicated by the variation in thickness of the
coatings produced and by another factor heretofore ignored. This factor concerns the
crystallinity of the material and the probability that for coatings of this type, the
material is not entirely barium titanate. The work of Miller, Nicholson, and
Francombe (Ref. 17) shows that crystallinity must be present before appreciable
increases in dielectric strength are observed. Any of the films prepared by methods
used so far might contain amorphous material capable of developing a high dielectric

if sufficient crystallinity can be induced.

In addition, the work of Herczog (Ref. 11) has shown that in a composite material con-
sisting of two different materials with different dielectric constants, the dielectric
constant of the composite increased with the concentration of the high dielectric
material. In addition, the measured dielectric constant was very dependent upon the
grain size of the high dielectric material.

The results of these investigations are encouraging and together with the data showing
that barium can be deposited in an anodic film on titanium, the preparation of a high
dielectric coating by electrochemical methods should be possible provided the right
processing conditions are used.

3.5.6 Films Formed on Ti in KOH Plumbite Baths

Thick black films are formed on titanium in baths containing 3 grams KOH and 1 gram
Pb(02}1302)2'3H20 in 250 ml under conditions listed in Table 3-10. When bath con-
centrations are increased to 20 grams KOH and 5 grams Pb(CzH302)2'3H20, more
variable films were produced with capacities ranging from 500 to 35,000 nF per

strip at loss values of about 2 — this with forming currents limited to 10 or 35 ma/ cm2.
When the forming current was not limited, the thick films were loose and powdery.
Here, as in the case of the thick black films on Nb substrates, the capacities were

roughly proportional to the total anodized area of the strips.
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Table 3-10

CAPACITY AND LOSS VALUES FOR THICK BLACK FILMS FORMED ON
Ti STRIPS IN A 3/1 KOH-PLUMBITE BATH AT 20 VOLTS,
CURRENT LIMITED TO 35 ma/cm

. . Forming Final Capacity
Strip Strip : X Loss
Time Current per Strip
No. Pretreatment (min) (ma/cm2) (@F) (Dp)
13E Acetone 2 10 1500 0.61
13B HF—HNO3 , 15 11 1000 1.0
13A stO 4—Chromate 15 8 850 0.47
13D Acetone 25 6 940 .30

By employing short anodizing times, more dilute baths, or higher forming potentials,
films could be produced on Ti in KOH-plumbite baths that were thin and multicolored
and did not exhibit a total anodized area-capacity dependence. They were usually
produced with a thin deposit of gold or brown colored dust on the surface. Up to about
40 volts, these films exhibited high losses (D values from 1 to 2) and capacities ranging
from 400 to 10,0600 nF/cmz. At higher forming potentials, films with losses less than
1 were obtained. Table 3-11 lists only those films having capacities of 200 nF/ cm‘2

or higher and losses of 1 or lower. Measurements made using aqueous LiCl counter
electrodes (after measuring a given strip using mercury) yielded higher capacities

and the same or slightly lower losses. Firing at 800°C in air drastically reduced the
capacity values of these anodized films.

3.5.7 Films Formed on Ti in Other Lead-Containing Baths
The results with simple lead acetate baths and with the lead complexed by EDTA are

presented in Table 3-12. The bath concentration numerator refers to the grams of
Pb(CzH302)' 3H20 and the denominator to the grams of NazEDTA~ 2H20. :
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CAPACITY AND LOSS VALUES FOR THIN FILMS FORMED ON Ti
STRIPS IN KOH-PLUMBITE BATHS

. . |Forming| Limiting Final Bath R

SIEII‘;IP Pretreatment E;?;Itnamf Time Current | Current {Concen- ((rll;p/a;;tg) L(BS?

e g (min) |(ma/cm?)|(ma/cm?2)| tration P

Forming Voltage Reached Limit
13G | Acetone 50 1 35 10 3/1 400@ D) 15 19
64A Acetone 120 30 35 30 2/0.1 | 280 .50
Forming Voltage Did Not'Reach Limit

18A Acetone 40 20 35 35 12/4  |1400 .79
56D Acetone 45 5 10 10 1/0.05 | 800 1.0
61B Acetone 45 30 10 10 0.3/0.1] 640 0.75
56E | Acetone 50 10 10 1/0.05 | 600® | .55
56G Acetone 55 2 10 10 1/0.05 | 200 .30
61A 25% HF 55 30 10 10 0.3/0.1} 280 .45
131 |  Acetone 70 2 35 35 3/1 2002 | .30

(a) A series equivalent circuit measurement.
(b) Brown dust wiped off surface prior to measuremeunt.

Talkl~r 9 10
-~ rsans W AL

Ti ANODIZED IN LEAD ACETATE BATHS WITH AND WITHOUT EDTA ADDED

: o Forming Limiting Final .
St1§;p Vﬁﬁ{i:te Time Current Current ConceB:tt?ation (x(le‘%?ig;g), L(Bs?
. (min) (ma/cm2) | (ma/cm?2) s
68B 150 15 6 2 1/0 160@ | 0.14
68A | 150 3 25 4 1/0 140® | 20
36B 100 22 160 3 5,/0 60 .26
724 150 10 10 4 1/0.3 120 .055
798 150 15 35 15 1/0.3 150 .090
72C 100 30 10 2 1/0.3 180 .090
72D 50 40 10 10 1/0.3 300 .13

(a) Parallel equivalent circuit measurements.
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Other baths were prepared by dissolving Pb(C2H302)- 3H20 in 1100 mlof 30% Kzsio3 and
diluting to 250 ml. Using 0.1 gram lead acetate, a forming potential of 125 volts, and
current densities of 10 to 150 ma/cmz, films with capacities of about 40 nF/ cm2 at

Dp = 0.15 were produced. Scintillations were observed at the highest current densities
and the film values were not internally consistent. When the lead acetate content was
increased to 1.0 gram, the forming potential, could not be raised past about 70 volts

at current densities to 30 ma/ cmz.

One Ti strip was anodized in a bath prepared from 5 grams Pb(CzH302)2' 3H20 and
5grams ZrO(NO3) o H20 . After 6 min at high current, a potential of only 25 volts was

attained and arcing set in. The resulting film had no measurable capacity.
3.5.8 Films Formed on Zr in Lead-Containing Baths
Films were grown in a simple bath made from 5 grams Pb(CzH302)2~ 3H20. The capa-

city and loss values are given in Table 3-13. The films were an opaque gray when
formed at 100 volts or greater. '

Table 3-13

CAPACITY AND LOSé VALUES FOR FILMS FORMED
ON HF—HNO3—ETCHED Zr STRIPS IN A LEAD ACETATE BATH

Strip Forming F?S;igg Iéu‘?;;;% cfxi‘r;zlnt' Capacitg Loss
No. Voltage (min) (ma/cm?2) (ma/cm?) (mF/cm<) @D,)
39B 100 60 40 1 120 0.49
42C 100 2 120 6 48 .14
36A 100 - 12 40 7 40 .08
36E 100 1 40 3 20 .006
42A 20 30 60 40 .032
39A 150 12 45 3 20@) .16
42E 200 1 80 80 20 .16
42G 250 30 80 3 10 .07
42% 300 3 140 100 8 .07

(a) A parallel equivalent circuit measurenéx éﬁ,nt.
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Efforts to grow the high capacity per strip, thick, black films (as are obtained on Nb
and Zr substrates in a KOH-plumbite bath at 20 volts) were not successful. A uni-
form black film was obtained on Zr in a KOH-plumbite bath at 50 volts but it had no
measurable capacity. Scintillations were observed in a 9/3 KOH-plumbite bath at 70
volts and arcing at 130 volts. Increasing the KOH concentration decreased the voltage
at which the scintillations first appeared. Capacities of the spark-grown films were
low; the highest observed value was 0.6 nF/ cmz.

A thick white film was grown on Zr at 300 volts in a bath containing 5 grams
Pb(CzH302)2-3H20 and 5 grams ZrO (NO3)2-H20. After 13 min the current was
still passing at the rate of 120 ma/. cmz. The capacity of this film was 0.2 nF/cmz.

Zirconium strips having gray films formed in a lead acetate bath were heated at

1150° C for 15 min in vacuum. The films disappeared leaving a bright, coarse-grained
metallic surface. A zirconium strip having a very thick white film formed in a zirconyl
nitrate-lead acetate bath was heated at 1250° C for 30 min. A gray, low resistance

film remained; however, the substrate metal was brittle and shattered into small '

fragments.
3.9.9 Discussion of Resuits Using Ti and Zr in Lead-Containing Baths

Anodizations in lead-containing baths generally result in the formation of a conductive
lead oxide coating or in thin coatings. The results with titanium anodes in a bath con-
taining the lead complexed with EDTA show interesting possibilities because the films
are not conductive. Similar baths were not tried with zirconium anodes but should be

investigated.
3.5.10 Films Formed on Nb in an Ethyl Acid Phosphate Bath

The bath contained 50 ml ethyl HZPO 4 and 200 ml HZO' Anodizations were carried
out for 15 to 30 min, at which time, the current dropped off quickly (strips 68B and
73C are exceptions). The films were dried at 110° to 200°C. The results are listed
in Table 3-14.
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Table 3-14
Nb STRIPS ANODIZED IN AN ETHYI ACID PHOSPHATE BATH
Strip Forming Current Capaci Loss
" Densi
No. Voltage e/ c;;%) (nF/cmtg) D) Remarks
68B 150 20 60 0.04 @)
68C 195 25 1.0 .01 (b)
68D 195 30 1.0 .003 (o)
73B 202 35 1.4 . 007 o)
73C 235 55 2.0 .013 (©)

(@) Current drops very quickly. Thin, transparent film.
(b) Opaque, rose-gray film. Incomplete coverage.
(c) Current drops only by 1/2 after 30 min. Gray, opaque film. Excellent coverage.

3.5.11 Films Formed on Nb in Cadmium-Containing Baths

The simple baths were prepared by dissolving 5 or 20 grams of CdSO 4 Alternately,
1 gram KOH or 6.5 grams KCN were also added.

The results are listed in Table 3-15. When silver paint counter electrodes were
employed, the capacities were lower and the losses higher. The simple baths pro-
duced thin, transparent, rose-colored films at 100 volts. At 200 volts the film was
gray. Scintillations were observed when anodizing to 300 volts in the KOH-containing
bath. The film on strip 26B was a thick ceramic white. The cyanide-containing bath
produced gray films with scintillations at the higher current densities.

3.5.12 Films Formed on Nb in KOH-Plumbite Baths
The baths were prepared by adding lead acetate trihydrate to a solution of potassium

hydroxide. The resultant solutions contained excess potassium hydroxide, potassium
acetate, and a soluble lead hydroxide (the latter usually referred to as plumbite).
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Table 3-15

CAPACITY AND LOSS VALUES FOR FILMS FORMED ON
Nb STRIPS IN SIMPLE CADMIUM SULFATE BATHS

Strip | Forming F?rr;x:g L&i{gégf Currenl ¢ Bath . Capacitg Loss
No. Voltage (min) | (ma/cm?2)|ma/cm?) Concentration| (nF/cm¥2) @)
34C 50 2 160 0.2 20/0 180 0.038
34B 100 30 160 2 20/0 100 .022
34A 100 30 160 0.1 | . 20/0 110 .04
30A 100 30 20 .1 5/0 120 .012
26A@| 190 10 160 1 5/0 70 .006
30B 200 30 160 1 5/0 50 .008
With 1 gram KOH Added to Bath
26C 100 30 160 0.2 5/1 120 .011
268@)] 300 Short 160 120 5/1 0.61t08.0|0.1¢00.6
With 6.5 grams KCN Added to Bath
24A 195 - 35 3 5/6.5 10 .025
24B 200 - 160 60 5/6.5 8 .03
240 | 200 166 | 30 5/6.5 iz ™

(a) Nb Strip was preplated with a film of Cd metal.

Using a bath prepared from 20 grams KOH and 5 grams Pb(C2H302)2-3H20, untreated
Ti strips, current limited up to 40 ma/cmz, and limiting potentials of 15 to 20 volts,

a two-stage film growth was observed. A thin, transparent, blue film formed rapidly
and the current dropped to a variable fraction of the preset limit. Black dots then
appeared, scattered over the film surface. On prolonged anodization (several hours)
the black dots coalesced giving the appearance of a thick, dendritic, black film

covering a major portion of the initially formed thin blue film. Capacity and loss values
ranging from 2 uF at Ds = 02 .25t0 7T uF at DS = 1.0 were obtained for strips having

an anodized area of 2.5 cm”™ per side. For any given strip the measured capacities
were relatively insensitive to the area of the mercury or silver paint counter electrodes

employed. 25
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Thick black films were grown by anodizing for 1 hr (under the conditions described
above) and then the films were stripped off the Nb substrates by reanodizing in a 25
vol % ethyl H2PO 4 bath. A spectrographic analysis yielded a niobium content of

0. 15 wt % in the stripped film.

Various Nb substrate pretreatments and anodization parameters were investigated to
improve the quality of the KOH-plumbite bath films and to prepare them faster. Soak-
ing the strips in stO 4—chromate (glass cleaning solution) prior to anodization, and |
then anodizing without current limitation gave the fastest growing and most uniform
black films. Under these conditions, an initial current surge of about 200 ma/ cm2
was observed. A silver paint counter electrode drying time of about 40 hr at 110°C
appeared to give minimum losses. (Prefiring the Nb strips at 400°C, precoating them
with an electrolytic lead film, preanodizing in a plain KOH bath, and reducing the
electrode spacing of the anodization cell did not appear to be of any benefit.) The
optimum forming potential was 15 to 20 volts. Raising the voltage much above 20 led
to scintillations and apparently a different type of film growth mechanism. In those
cases, the usual black films were not obtained and the capacities were reduced
drastically.

Examples of capacity and loss data for strips exhibiting uniform hlack filme are

listed in Table 3-16. The capacities were still roughly proportional to the film area

(5 cmz) and independent of the area of the counter electrode. Several of the films

were given further electrical tests. Strip 104C exhibited a resistance of 12 megohms at
1. 5volts DCand 1 megohm at 2. 0volts DC. For strip 1C, the DC resistance v(ras _
20 megohms at 2volts and 1 megohm at 8 volts. Typical curve tracer observations are
given in Table 3~17. The testing potentials were raised rapidly, takingonlya few minutes
to reach the breakdown point. The DC resistance and breakdown potentials were mea-
sured using silver paint counter electrodes with the counter electrodes always at nega-
tive (or ground) potential. Reversing the current flow resulted in breakdown at only a

few volis.

26

LOCKHEED MISSILES & SPACE COMPANY




4-55-64-1

Table 3-16

CAPACITY AND LOSS VALUES FOR THICK BLACK FILMS FORMED
ON H, SO, ~-CHROMATE-SOAKED Nb STRIPS IN KOH-PLUMBITE
BATHS AT 20 VOLTS(2)

Bath Concentration . .

Strip For_ml ng Capacn-:y Loss
No. g KOH T1n.1e per Strip (D )

g Pb(C,H,0,),- 3H,0 (min) (nF) s
104c® 12/4 60 360 | 0.15
107A 15/4 ' 60 1100 .35
1B 20/4 30 660 .13
1C 20/4 30 650 .15
2C 12/4 22 630 .10
4A 20/4 90 370 .30
4B 20/4 120 440 .40
A% 3/1 15 1100¢| .30

(a) Current unlimited; silver paint counter electrode drying
time approximately 20 hr.

(b) Nb strip soaked in 8N HNO,_.

(c) Mercury counter electrode™used.

Table 3-17

TYPICAL CURVE TRACER OBSERVATIONS

Strip | Current at 20 Volts | Breakdown Potential
No. (ma) (volts)
104C 2.0 27
107A 3.5 28
1B 3.5 - 25
27
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3.5.13 Reaction of Anodized Nb Films With Potassium Hydroxide

Niobium strips containing opaque films grown in the ethyl H2PO 4 bath were dipped
briefly into fused KOH. (Too long an immersion time resulted in complete dissolu-
tion of the film and attack on the metal substrate.) After rinsing off the excess KOH
with water, a change in -film color from gray or rose-gray to white was observed.
After drying at 110°C, capacities of approximately 60 uf/ cm2 at Dp = 4 were observed.
After a few minutes out of the oven the capacity fell off and the loss increased. After
reheating to 400° C, the capacity was partially restored to about 4 uf/ cm2 but the loss

was 33. Reanodizing the dipped films in the ethyl H2PO resulied in values not as

4
good as ordinary anodized films.

Niobium strips with the gray films grown in the cadmium-containing baths were also
dipped in fused KOH to produce a white product. Using the No. 24 strip series (sub-
section 3. 5. 11), reacted films with an average capacity of 0.8 nF/ cm2 at D = 0.01
to 0.06 were produced after rinsing and drying. Dipped strip No. 26B was 18 nF/cm
at DS = 1.0 after a similar treatment.

3.5. 14 Discussion of Results With Niobium Anodes

The attempts to introduce potassium or cadmium into niobium anodic films were
unsuccessful. In fact, baths using KCN to complex the cadmium in anionic form pro-
duced poorer films than usually encountered. Dipping the films in fused KOH gener-
ally resulted in poorer films, although the one series using the films produced in the
cyanide bath containing cadmium did show some very interesting electrical properties.
3.6 FORMATION OF DOPED FILMS

3.6.1 Introduction

Athirdapproach used to prepare anodic films possessing superior electrical charac-

teristics is the occlusion of minor amounts of certain oxides within the film. Two
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methods were selected to evaluate this approach. The first is to occlude small
amounts of certain oxides from the electrolytes. The oxides of phosphorous, arsenic,
lead, antimony, and boron have been prepared as the anionic portion of a complex.
Samples of titanium were anodized in baths containing these complexes and the
electrical characteristics measured. The second method used involves the anodiza-
tion of certain alloys of titanium and niobium. This approach presumes that the
alloying metals are uniformly distributed and that the solubility of these metal oxides
will not be too great in the electrolyte used. The coatings produced by these
approaches are quite thin. The thickness of the films can be estimated by color
interference methods. The work in this area has also lead to an evaluation of sub-

strate preparation.

A comparison of the electrical properties for films prepared in various doping
electrolytes is shown in Table 3-18. These films and their formation were
discussed in an earlier report (Ref. 18). The results of those experiments as shown
in this table indicated that the nature of the electrolyte does affect the electrical
values observed. Further experiments and studies have been conducted since that

report to investigate these differences.
3.6.2 Surface Prenaration

The effect of surface preparation on voltage-time curves and electrical capacity of

the anodic films has been discussed previously (Ref. 18). The results of these
studies showed that the surface preparation had no effect on the electrical capacitance
of films formed to 100 volts in either acid or basic electrolytes. However, distinct
differences in voltage-time relationships were observed. The nonlinear curves
obtained probably reflect changes in efficiencies due to the presence of impurities and

an oxide prior to anodization.

3.6.3 TFilm Thickness of Titanium-Based Films

The fundamentals of film thickness measurement by the interference color method
has been previously reported (Ref. 18). The film thickness as a function of voltage

is shown in Fig. 3-1. The slope of the line is equivalent to 21 A/volt.
29
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Bath Concentration | Capacitance | Loss Final Current Density
Constituents (g/1) (uf/cm?2) (D) | Voltage (ma/cm?2)
KOH 4 0. 200 0. 09 100 10
40 .130 .30 100 10
NaOH 4.0 . 074 .14 100 10
40 . 076 .23 100 10
NazHAsO4' 7H20 4 . 340 10. 100 10
100 . 120 0.14 100 20
200 . 260 .28 80 10
Na28n03- 3H20 4 .001 .24 100 10
200 . 005 .82 85 150
K 4Sb207 4 . 160 .23 100 10
Na HAsO, -7TH_O 100
%2 4" "2 ] . 180 .15 100 10
K2(C3O 4:) 20
Na_SnO_-3H_O 4
ApPMg" oty l . 169 .18 100 10
HEOH |
3
H3BO3 0 ‘
0]
KOH 5 > . 154 .17 100 10
EDTA 30
Ba(C,H,0,), 22 :
H3BO3
KOH 5 -
. 104 .16 100 10
EDTA 30
Ba(C2H302)2 221
H3BO3 5
OH
K . 120 .12 100 10
EDTA 14
Ba(CzH302)2 22J
Ethyl HZPO4 30 . 021 . 038 100 12
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FILM THICKNESS (A)
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Fig. 3-1 Film Thickness as a Function of Anodizing Voltage
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3.6.4 Dielectric Constants of Thin Doped Films on Titanium

The dielectric constants of films formed on three alloys of titanium in three different
baths are shown in Table 3-9. All surfaces were polished in the same manner. The
results show that the presence of aluminum, vanadium, or tin in the amounts listed

do not increase the dielectric strength of the films formed in any of the baths. In all
baths evaluated, the titanium 55A formed films with similar dielectric properties,

with some indication that the properties improved with increasing acidity. The voltage-
time curves were similar for all substrates and all baths. However, higher voltages

were obtainable in the acid bath.

3.6.5 Dielectric Constants and Resistances of Films Formed on Ti and Ti Alloys
(Using Silver Paint Counter Electrodes)

A set of samples was produced and painted with silver Aquadag counter electrodes
to test the electrical resistance of the films produced and to compare capacitance

measurement.

In general, the capacitance measurements were all approximately one-third the value
measured with mercury counter electrodes. Thus the dielectric constants calculated

from these electrodes are about one-third those shown in Table 3-19.

The resistances of these films were measured with silver paint counter electrodes.
The values observed increase with the film thickness, i.e., formation voltage, and
decrease rapidly in all cases as the voltage applied across the film is increased.

As might be expected from the previous results, no measurable difference was found

for films formed in different baths or for films formed on different alloys.

3.6.6 Conclusions

Review of the literature, experimental work performed, and evaluation of tests made

in this laboratory indicate that to have a high dielectric constant, coatings should
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Table 3-19

DIELECTRIC CONSTANTS OF FILMS FORMEDVON Ti AND Ti ALLOYS

4-55-64~1

oy

Bath

Ence's Acid Bath

100 grams NagHAsO4

4 grams NagHASOy4

Voltage (C.D. 1 ma/cm?) (C.D. 5 ma/cm?2) (C.D. 5 ma/cm?2)
55A | 6AI-4V | 6A14Sn | 55A | 6AI-4V | 6Al4Sn | 55A | 6Al4V | 6A14Sn

2.5| — - - - - - 20 - -
38-14 | 18 27 36 - 14 18 - -

10 | 40-26 9 15 30 21 - 31 19 27
15 - - - 28 - - 30 - -

20 |40 21 17 37 - 22 32 23 18

30 —~ 16 23 | - - S — 25
40 ~ - - 33 19 ~ 32 - -

50 |33 17 24 | - - 20 | — —~ 21

60 | 27 - 23 | - 25 21 | - 25 23

70 |31 23 23 | - - 24 3@ 22

(75v)

80 |29 23 24 27 - 23 | — - 28

90 |32 23 19 | - 23 o3 | - - 23
100 | 22 21 21 | 24 - 21 | — 23 -
110 28 — — - — (3_,5) (@) _
125 | 24 17 14 | - - - - - -
175 - 32 22 | - - - - - -
200 - 21 - —~ - - - - -~

(a) Coating broke down.

Note: All capacitance measurements

made with Hg counter electrodes.

contain crystals of about 1u in size. This suggests that electrophoretic techniques

may be most feasible for obtaining high dielectric constant coatings.

The formation of variously doped and modified titanium oxide films has been

attempted by anodic oxidation.
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successful approach: the inclusion of barium from its EDTA complex during sparking
conditions.

The use of arsenate, stannate, and lead-containing aqueous solutions, and of tin and
vanadium alloys of titanium, resulted in anodic oxidic films having visual and electrical

properties similar to titanium oxidic films.

In general, there are three methods by which anodic oxidic films grow:

(1) The oxidic film grows at the oxide-solution interface; the metal is transported
through the film.

(2) The oxidic film grows at the metal-oxide interface; the oxygen (e.g., anion)
is transported through the film.

(3) The oxidic film grows by a combination of the above two processes.

Comparison of the above methods with the results obtained allows several postulates.
. For Method (1):

@ The arsenate and stannate will not be included in the film, if the TiO;2 reac-
tion is "easier,' until the film is such that the concentration of titanium on
the surface will allow a second reaction. Tf this reaction is eanch that the
electronic current in the film becomes predominant, then a second film is
formed which containsno titanium. Conductive films of tin and lead oxide are
examples of these and both have been observed experimentally.

e The vanadium and tin in the alloy are not transported into the film and thus are

not included in the film.
For Method (2):

® The lattice spacing in the film and/or water content of the bath is too great to
allow diffusion of the arsenate or stannate ions into the film.
© The vanadium and tin in the alloy are transported through (out of) the film as,
e.g., cations.
For Method (3):

e This is a combination of the above processes and proceeds as described.
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Examination of these postulates indicates that the second postulate in Method (2) is the
least feasible and therefore the most probable postulates are those in Method (1).

There is a high percentage of electronic current present when titanium is oxidized
anodically. Thus, if the titanium is of a concentration at the oxide-solution interface
so that a second reaction is possible, the second reaction becomes immediately pre-

dominant and a second, different film (e.g., a tin oxide) is formed.
3.6.7 Capacitances and Resistances of Films Formed on Niobium and Fansteel 80 Metal

The capacitances of films formed on niobium and Fansteel 80 in two baths are shown in
Table 3-20. The results indicate no particular differences due to bath electrolyte. How~
ever, the Fansteel films appear to be somewhat superior in characteristics to the niobi-

um films in the ethyl phosphate bath.

The resistances of Fansteel films were about ten times as great on the average at low
applied potentials. However, at higher potentials the resistances were similar. It is

concluded that no improvement in films is made by adding tantalum to niobium.

Table 3-20
CAPACITANCES OF FILMS FORMED ON NIOBIUM AND FANSTEEL 80 METAL

Bath
250 ml Ethyl Hydrogen
Phosphate per liter 0.2 NHZSO4
Current
Voltage| Density Nb Fansteel Nb Fansteel
(ma/em?) | (uf/em?2) | (ut/cm2)
50 8 0.083 0.034 0.071
100 8 . 053 .053 . 054 0. 046
150 8 .035 .051 .G47 (140 volts)| .043 (180 volts)
175 8 . 032 . 040
50 16 . 059 . 055
100 16 . 054 . 048
50 30 . 046 .073
100 30 . 062
150 30 . 044
200 30 . 035
35
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Section 4
SUMMARY AND RECOMMENDATIONS

Three methods were proposed at the beginning of this study to prepare high dielectric
films.

o Attempts to improve the dielectric constant by doping the film, either from
the bath or by introducing the doping elements by alloying the titanium with
aluminum, and/or vanadium and tin, do not result in significant improve-
ments in the dielectric strength of the film. On the contrary, these procedures
tend to cause deterioration of this property. It is not recommended that further
work be done in this area.

e Attempts to produce mixed oxides by decomposition of a second oxide as part
of the electrolytic conversion process has been shown to occur. Further work
using this technique should include detailed study on the effect of bath compo-
sition, the amount of the second oxide phase deposited, measurement of thick-
ness for dielectric strength determination, and the effect of post-anodization
treatments on crysialiinity and va lie elecirical properiies.

@ The deposition of high dielectric material such as barium titanate by electro-
phoretic techniques has been performed. Incorporation of such a process to
provide a useful component should be further pursued. A more detailed study

of the dielectric strength of such films should be carried out.
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